ABSTRACT This paper deals with the output voltage regulation problem for dc-dc buck converters. Overcurrent protection and disturbances are both taken into consideration. The main challenge of control design is how to ensure that the current constraints are not violated at any time in the presence of disturbances. At first, a high-gain disturbance observer is utilized to estimate the disturbances. Then, a novel punishment mechanism for the inductor current is designed in the control scheme. Finally, based on the novel current-constrained technique and the high-gain disturbance observer, a composite control approach is proposed. The new control method not only guarantees the current within the required range but also has a nice ability on the disturbance rejection. In the meantime, rigorous stability proof is also presented. The theoretical analysis also explains how disturbances affect the satisfaction of the current constraints. The experimental results on a buck converter system are illustrated to verify the feasibility and effectiveness of the proposed control scheme.
I. INTRODUCTION
Due to the hardware limitations and safety consideration, almost all control systems have state constraints [1] , [2] . To handle this issue, many advanced control approaches have been utilized, such as invariance set principle [3] , model predictive control (MPC, [4] - [8] ) and barrier Lyapunov function (BLF, [9] - [15] ) based backstepping. The above methods are all from the energy point of view to discuss the control design problem for state-constrained systems. When applying the principle of invariant sets, it is necessary to seek the maximum invariant set within the constrained domain after constructing a particular Lyapunov function. Similarly, MPC and BLF based backstepping also need to construct a cost function or a BLF in the control design process. As a consequence, the above control approaches are heavily dependent on the choices of energy function (i.e., Lyapunov function, cost function and BLF).
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In [16] , the control design problem for state-constrained systems is solved from a different perspective. The controller is designed such that when the constrained state approaches the constraint boundary, the product of the constrained state and its derivative is less than zero. Then, the absolute value of the constrained state will decrease. By this means, the state remains in the required range. In order to achieve this goal, a nonlinear gain of the constrained state is constructed in the controller. When the constrained state is close to the constraint boundary, the nonlinear controller gain is automatically increased. Hence, the control input is also regulated to ensure the limitations. Throughout the control design process, it does not rely on the energy function, but the key is to design a suitable penalty term (i.e., the nonlinear gain of the constrained state). Fortunately, this control design idea has been successfully applied to DC-DC buck converter to solve its overcurrent protection problem [16] .
In the practical application of DC-DC buck converter, disturbance suppression is also a problem that has to be considered. These disturbances are usually generated from input voltage fluctuation, load variation and parameter uncertainty [17] - [22] . The dynamic performance of the DC-DC buck converter control system is inevitably influenced by these factors. Due to the safety reasons and the output voltage accuracy requirements, overcurrent protection and disturbances must be considered. To the best of our knowledge, there are currently no control schemes for DC-DC buck converter that take into account both of these two issues.
In [23] , a high-gain disturbance observer (HGDOB) is combined with BLF based backstepping approach. In the presence of output tracking error constraint and disturbances, the output tracking problem of electro-hydraulic systems is solved by this composite control scheme. The HGDOB provides a powerful tool to handle the disturbances in the presence of state constraint.
Inspired by [16] and [23] , the output voltage regulation problem for DC-DC buck converter is discussed in this paper. Both the current constraint and disturbances are taken into account. By taking advantage of the idea in [16] and the HGDOB, a new composite control approach is presented. It can ensure the current constraint. In the meantime, the HGDOB improves robustness of the closed-loop system. Both of these can be proved by rigorous theoretical analysis. Compared with the method in [23] , the structure of the proposed controller is more concise. Therefore, it is more reliable and reduces hardware burden.
The rest parts are organized as follows. In Section II, some preliminaries about DC-DC buck converter are reviewed. The motivation of this paper is also illustrated in detail. In Section III, the main contributions of this paper are proposed. A new composite control scheme is presented by combining a simple current-constrained technique and HGDOB together. The experimental results are shown in Section IV. At last, a brief conclusion is given in Section V.
II. PRELIMINARIES
In this section, the mathematic model of DC-DC buck converter is presented. And the research motivation of this paper is also illustrated in detail.
A. DYNAMIC MODELS OF DC-DC BUCK CONVERTERS
In Fig. 1 , a typical PWM based DC-DC buck converter is presented. It comprises an input dc voltage source V in , a PWM gate drive controlled switch VT , a diode VD, a filter inductor L, a filter capacitor C and a load resistance R. According to the Kirchhoff's Voltage Law and Kirchhoff's Current Law, the average model is presented as follows [24] , [25] :
where v o is the average capacitor output voltage, i L is the average inductor current, and the duty ratio u ∈ [0, 1] represents the control variable, which is taken as the driving PWM signal. Furthermore, by taking input voltage fluctuation into account, the following model is discussed in this paper,
where V in0 is the nominal value of
u is the disturbance.
B. MOTIVATION
The output voltage regulation problem of DC-DC buck converter control system (2) is discussed in this paper. Under the influence of disturbance d, the main objective is to design a controller such that the output voltage v o can track a reference voltage trajectory v * o as soon as possible. At the same time, the inductor current i L is required to meet the current constraint condition |i L | < M , where M is a positive constant.
Remark 1: In order to ensure voltage tracking and disturbance suppression performance, it is necessary to assign a larger current constraint value M . However, M cannot be too large due to the hardware conditions. Therefore, from the perspective of practical application, the appropriate constraint value M should be chosen to strike a balance between the voltage tracking performance and the hardware requirements. Generally speaking, it is two or three times of the rated current. In this paper, the value is chosen as M = 3A.
Remark 2: In this paper, the output voltage regulation problem for DC-DC buck converter control system is considered under non-cascading structure. Under cascade control, it is usually to use two PI controllers in inner and outer loops, respectively. This means adjusting more control parameters. Moreover, due to the small time constants of inner control loops, the cascade PI controllers are not suitable for highly dynamic drive applications [26] . Hence, the non-cascading control has its own advantages. In such a case, the control design problem can be regarded as a second order system with partial state constraints and disturbances. This issue is more interesting and challenging.
To this end, the output voltage regulation problem for DC-DC buck converter control system (2) is investigated by the following steps. Firstly, a disturbance observer is constructed to estimate the disturbance d in system (2) . Then, a new current-constrained controller is designed.
III. MAIN RESULTS
The output voltage regulation problem of control system (2) is solved by two steps. At first, a disturbance observer is designed to estimate the disturbance d. Then, the new current-constrained controller is presented.
A. DISTURBANCE OBSERVER DESIGN
Denoted as the estimation of the disturbance d, and the estimation errord = d −d.
Assumption 1: There exists a constantḋ max such that |ḋ| <ḋ max . Inspired by [23] , a disturbance observer is constructed aṡ
where ξ =d − i L , 1 > 0 is the observer gain. By taking advantage of the auxiliary variable ξ , the derivative of current is not utilized in the disturbance observer (3). As a result, it naturally avoids the problems of noise amplification.
From the construction of disturbance observer (3), the dynamic of disturbance estimation errord is formulated aṡ
According to Assumption 1, it is clear that
The upper bound of |d| is decreased as is decreasing.
B. CONTROL DESIGN
For system (2), denote v * o > 0 as the reference signal. According to Ohm's law, it is an important fact that the following inequality holds:
Define
The error dynamics of control system (2) are
It is clear that
For brevity, denote
is equivalent to e 2 ∈ (P, P). Moreover, by referring to the inequality (6), it yields P < 0 and P > 0.
The current-constrained controller is designed as
where k 1 , k 2 and l are positive control parameters.
Remark 3:
Compared to the classic PD control, the significant difference of (8) lies in that its derivative gain is a nonlinear function. The punishment mechanism for current is established through the term l (P−e 2 )(e 2 −P)
. When e 2 tends to P or P, (i.e., i L tends to ±M ), this term will tend to infinity. In other words, the differential gain of controller (8), i.e., k 2 + l (P−e 2 )(e 2 −P)
, will increase automatically. In this manner, the control action penalizes the current. Hence,
is called as penalty term in the context. Denote a bounded set
where 1 is sufficiently large such that
> 0. Now, the main result of this paper is given below. Theorem 1: Consider the closed-loop system (2), (3) and (8) 
) converges to B asymptotically. In the meantime, the current constraint |i L | < M is also ensured.
Proof: Substituting (8) into (7), it yields
Choose the Lyapunov function
Taking the derivate of V along the closed-loop error system (10), it getṡ
If i L ∈ (−M , M )(i.e., e 2 ∈ (P, P)), theṅ
As a result, (e 1 , e 2 ,d) converges to B asymptotically. From Eq. (13), it also reveals that e 1 andd are bounded. Hence, the key point is to prove that the current constraint
In fact, consider the equation
The right hand of Eq. (15) is a continuous function when e 2 ∈ (P, P). The term − 1 CL l (P−e 2 )(e 2 −P) e 2 2 tends to negative infinity when e 2 → P or e 2 → P. While the other terms are bounded since e 2 is still in (P, P). Then, there exist two constants P 1 ∈ (P, 0) and P 2 ∈ (0, P), such that e 2ė2 < 0 when e 2 ∈ (P, P 1 ] [P 2 , P). As a consequence, e 2 ∈ (P, P) for all t ≥ 0. It is equivalent to the fact that the current
The proof is completed.
Remark 4:
Review the inequality (13),
If the condition
holds, then (e 1 , e 2 ,d) converges to the origin asymptotically under the disturbance observer (3) and the controller (8) .
At the same time, the current constraint is still satisfied. Remark 5: In Theorem 1, the reference output voltage v * o is regarded as a constant. Fortunately, if v * o is a time-varying signal, the current-constrained technique and high-gain disturbance observer are still available. In such a case, the composite controller can be designed as
where
The proof is similar to Theorem 1, and thus omitted here.
IV. SIMULATIONS AND EXPERIMENTS
In this section, simulation and experimental results are illustrated to verify the feasibility and effectiveness of the proposed control scheme for DC-DC buck converters with the current constraint and disturbances. A composite controller (18) consisting of the current-constrained controller (CC) and an integral link is compared here to show the property of the proposed control scheme, especially in current-constraint property and disturbance-rejection property. In order to clearly demonstrate the closed-loop performance of the controllers in terms of current constraint and disturbance rejection, the emphasis of the comparisons will be on the phase of startup and the phase of a sudden change in the input voltage.
As a comparison object of the proposed controller (8), the composite controller [16] consisting of the currentconstrained controller and an integral link is designed as
where k 1 , k 2 , k 3 and l are positive control parameters. Remark 6: The controller (18) is presented in [16] . The disturbances are handled by the integral term of voltage tracking error. However, the stability analysis of the closed-loop system is not given under the controller (18) . In this paper, the proposed controller (8) Two different sets of circuit parameters used in the simulations and experiments are shown in Table 1 . The feasibility and the efficiency of the proposed composite control scheme are validated via the following results.
A. SIMULATION RESULTS
When the output voltage reference signal is a constant signal, the response curves of output voltage, inductor current and duty ratio under the two control schemes are given in Fig. 2 . The disturbance is the sudden addition of a step voltage of −5V to the original voltage at 0.4s. The control parameters are listed in Table 2 . The red dashed lines represent the curves under the controller (18) composed of the current-constraint controller (CC) and an integral link, while the black solid lines are the proposed composite controller (8) .
The specific closed-loop performance comparisons of the two control schemes are shown in Table 3 . The regulating time is the time when the output voltage tracking error enters output voltage after the disturbance is added. The recovery time is the time that takes from the moment the disturbance is added until the output voltage tracking error returns to the ±2% of steady state value and no longer exceeds the threshold.
In order to achieve better disturbance-rejection performance, the integral link of the controller (18) is selected as an integral term with a larger gain. However, this leads to a large overshoot of the output voltage in the startup stage, and the regulating time is also far behind that of the proposed composite control scheme. In addition, from the voltage fluctuation and recovery time, we can find out that even if a large integral gain is given, the rejection effect of the integral link on the disturbance is still not as good as the disturbance compensations. As can be seen from Fig. 2(b) , the inductor current is always below 3A during the operation of these two systems. This shows that the current-constraint controller is feasible and effective.
The above simulation results are obtained when the reference output voltage is constant. In order to further highlight the performance of the composite controller proposed in this paper, the corresponding simulation will be carried out when the reference output voltage is a time-varying signal [27] - [29] .
Next, the reference output voltage signal is a ramp signal. From 0s to 0.2s, the voltage value increases linearly from 10V to 20V. After 0.2s, the voltage value stabilizes at 20V. The input voltage disturbance of −10V is abruptly added at 0.1s and the disturbance of 10V is added at 0.3s. The control parameters are listed in Table 4 .
The response curves of the output voltage, inductor current and duty ratio under the two control schemes are shown in Fig. 3 . The specific closed-loop performance comparisons of the two control schemes are shown in Table 5 .
According to the above simulation results, when the reference output voltage signal is a time-varying signal, the proposed composite controller (17) has nice control performance. In the process of tracking the ramp signal, the peak currents of these two closed-loop systems are both less than the constraint value 3A. However, the dynamic performance of the closed-loop system under the proposed composite controller (17) is much better than that of the closed-loop system under the controller (18) . Meanwhile, the anti-disturbance performance of the proposed composite controller (17) is also better than that of the controller (18) .
B. EXPERIMENTAL RESULTS
To further verify the feasibility and effectiveness of the proposed control scheme, some real-time experiments are carried out on a physical circuit. The structure of the whole experimental system is shown in Fig. 4 , which is composed of a DC-DC buck converter circuit, a dSPACE DS1103 real-time controller, a dc power source, voltage and current sensors, and so on. The entire control scheme, including the current-constraint controller and the disturbance observer, is built on the MATLAB application. PWM module is also through MATLAB program to achieve. The output voltage and inductor current are measured by the voltage sensor and the current sensor respectively. The results are then converted by two 16-b AD converters in the dSPACE platform. The output waveforms are also recorded in the dSPACE console. The switching frequency generated by dSPACE is 10kHz, while the sampling period of the control system is 200µs. The hardware picture of the whole system is shown in Fig. 5 .
The disturbance is generated by the dc power supply, which changes the input voltage from 50V to 45V at 0.267s within 0.1ms. Specific controller parameters are shown in Table 6 . The specific closed-loop performance comparisons of the two control schemes are shown in Table 7 . Similar to the simulation results, under the action of the current-constraint controller, the current of these two closed-loop DC-DC buck converter systems is always below the constraint value 3A. At the same time, the dynamic performance of the closed-loop system under the proposed composite controller (8) is much better than that of the closed-loop system under the controller (18) made up of the current-constraint controller and the integral link after adding the integral link with a large gain. In terms of disturbance rejection, the effect of the disturbance compensations based on the disturbance observer is also much better than that of the integral link.
Experiments are also carried out when the reference output voltage is a ramp signal. The control parameters are shown in Table 8 .
The response curves of the output voltage, inductor current and duty cycle of the two control schemes recorded in the experiments are shown in Fig. 7 . The digital closed-loop performance comparisons of the two control schemes are shown in Table 9 .
Similar to the conclusion reached by the simulations, when the reference output voltage is a time-varying signal, the closed-loop system under the proposed composite controller (17) has better dynamic performance and anti-interference performance than that of the closed-loop system under the controller (18) . Combined with the above simulation and experimental results, it can be seen that the proposed composite controller can not only restrict the inductor current in the DC-DC buck converter system, but also improve the anti-disturbance performance of the closed-loop system. Therefore, it can be verified that the proposed composite control scheme is feasible and effective for the output voltage tracking control of DC-DC buck converters with the current constraint and disturbances. 
V. CONCLUSIONS
In this paper, the output voltage regulation problem for DC-DC buck converters with overcurrent protection and disturbances has been discussed. To deal with this problem, a novel composite controller has been proposed, which is composed of the current-constraint controller and the disturbance observer. This controller has shown great dynamic performance, especially in current constraint and disturbance rejection. Simulations and experiments on the buck converter system have verified the feasibility and effectiveness of the proposed control scheme.
